Abstract Bile acids are generated in the liver and are traditionally recognized for their regulatory role in multiple metabolic processes including bile acid homeostasis, nutrient absorption, and cholesterol homeostasis. Recently, bile acids emerged as signaling molecules that, as ligands for the bile acid receptors farnesoid X receptor (FXR) and TGR5, activate and integrate multiple complex signaling pathways involved in lipid and glucose metabolism. Bile acid sequestrants are pharmacologic molecules that bind to bile acids in the intestine resulting in the interruption of bile acid homeostasis and, consequently, reduction in lowdensity lipoprotein cholesterol levels in hypercholesterolemia. Bile acid sequestrants also reduce glucose levels and improve glycemic control in persons with type 2 diabetes mellitus (T2DM). This article examines the mechanisms by which bile acid-mediated activation of FXR and TGR5 signaling pathways regulate lipid and glucose metabolism and the potential implications for bile acid sequestrantmediated regulation of lipid and glucose levels in T2DM.
Introduction
Bile acid synthesis is the major pathway of cholesterol catabolism in the liver; approximately 500 mg of cholesterol is converted into bile acids daily in the adult human liver [1] .
The first and rate-limiting step in the primary (classic or neutral) pathway of conversion of cholesterol to bile acids is catalyzed by cytochrome P450 enzyme cholesterol 7 α-hydroxylase (CYP7A1) [1] . Traditionally recognized for their role in regulating lipid absorption, bile acids are now known to be involved in the regulation of multiple metabolic processes including lipid and glucose metabolism and energy homeostasis through the activation of multiple signaling pathways. This article examines the effects of interrupting bile acid enterohepatic recirculation using bile acid sequestrants not only on lipid but also on glycemic control and the potential mechanism (s) of action involved in the bile acid-mediated regulation of these processes.
Clinical Effects of Bile Acid Sequestrants
Bile acid sequestrants (cholestyramine, colestipol, colestimide, and colesevelam) are positively charged nondigestible resins that bind to bile acids in the intestine to form an insoluble complex that is excreted in the feces. This process reduces bile acid levels in the liver, promoting the increased synthesis of bile acids from cholesterol and reducing hepatic cholesterol levels [2] .
The clinical lipid-lowering utility of bile acid sequestrants was demonstrated more than two decades ago during the Lipid Research Clinics Coronary Primary Prevention Trials, in which long-term administration of cholestyramine in men with hypercholesterolemia resulted in overall reductions in total cholesterol and low-density lipoprotein cholesterol (LDLC) of 13.4% and 20.3%, respectively, compared with placebo (4.9% and 7.7%, respectively). These reductions were accompanied by a 19% reduction in the incidence of coronary heart disease [3, 4] . Similarly, treatment with colestipol (2 or 8 g twice daily) reduced LDLC levels in patients with mild hypercholesterolemia by 12% or 24%, respectively (P≤0.05) [5] . Monotherapy with colesevelam resulted in mean reductions in LDLC of 15% to 19% in adults with hypercholesterolemia [6, 7] . Furthermore, the addition of colesevelam to therapy with atorvastatin (10 mg) or simvastatin (10 mg) reduced LDLC levels by 48% or 42%, respectively, an increase over colesevelam (12%) or atorvastatin (38%) alone or colesevelam (16%) or simvastatin (26%) alone, respectively [8, 9] .
Bile acid sequestrants have also been shown to improve glycemic control in patients with type 2 diabetes mellitus (T2DM). In initial studies in patients with T2DM and dyslipidemia, cholestyramine therapy decreased LDLC levels by 28% and resulted in improved glycemic control, as defined by a 13% reduction in mean plasma glucose levels, a median reduction of 0.22 g/d in urinary glucose excretion, and a tendency toward a lower concentration of glycosylated hemoglobin A 1c (HbA 1c ) [10] . In three 26-week, doubleblind, placebo-controlled studies, the addition of colesevelam to the antidiabetes regimen of patients with T2DM who were inadequately controlled on their current metformin, sulfonylurea, or insulin therapies alone or in combination with other oral antidiabetes agents resulted in additional mean reductions in HbA 1c of 0.54% (metformin and sulfonylurea) and 0.50% (insulin). These patients also experienced mean reductions in their LDLC levels of 15.9%, 16.7%, and 12.8% (P<0.001 for all) for those receiving colesevelam added to ongoing metformin, sulfonylurea, and insulin therapy, respectively [11] [12] [13] . Colesevelam is the only bile acid sequestrant approved for glycemic control in patients with T2DM who are uncontrolled on their current treatment regimen.
Bile Acid Receptors
In addition to facilitating the dietary absorption of lipids, bile acids act as ligands for the nuclear receptor farnesoid X receptor (FXR) and the G-protein-coupled receptor (GPCR) TGR5 in the liver and intestine. However, in addition to their role as receptor-mediated signaling molecules, certain bile acids also exert non-receptor-mediated effects on cellular responses such as improvement of the endoplasmic reticulum (ER) stress response. Obesity-induced ER stress can lead to the development of insulin resistance and T2DM. However, administration of the bile acid taurineconjugated ursodeoxycholic acid (TUDCA) alleviated ER stress in cells and whole animals [14] . In addition, administration of TUDCA to obese and diabetic mice resulted in lowered glucose levels, improved insulin sensitivity, and resolution of fatty liver disease [14] . Evaluation of the mechanisms regulating these nonreceptor-mediated effects of bile acids and their contribution to the lipid-and glucose-lowering effects of bile acid sequestrants is beyond the scope of this article.
FXR and Bile Acid Synthesis
FXR is a member of the nuclear receptor superfamily of ligand-activated transcription factors. FXR is expressed at high levels in the liver and intestine and is most potently activated by the primary bile acid chenodeoxycholic acid [15] . In the liver, as the bile acid pool increases in size, bile acid activation of FXR upregulates expression of the gene encoding the inhibitory nuclear receptor small heterodimer partner (SHP) [15] . SHP represses activation of several transcription factors including liver X receptor, liver receptor homologue-1 (LRH-1), and hepatocyte nuclear factor-4α (HNF-4α), subsequently suppressing, in humans, the LRH-1-mediated activation of CYP7A1, thereby inhibiting the first step in cholesterol catabolism (Fig. 1) . Bile acid-mediated repression of HNF-4α also inhibits transcription of CYP7A1 [16] .
A second pathway of bile acid-mediated repression of its own synthesis involves FXR-mediated induction of fibroblast growth factor-19 (FGF-19; [FGF-15 in mice]) in the intestine. In the intestine, transintestinal transport of bile acids after a meal induces activation of intestinal FXR, resulting in expression of FGF-19 [17] . Binding of FGF-19 to surface hepatocyte fibroblast growth factor receptor 4 results in a c-Jun N-terminal kinase-mediated repression of CYP7A1 transcription, a potent SHP-independent alternative pathway of CYP7A1 repression (Fig. 1) [17] .
TGR5 and Bile Acid Synthesis
Bile acids can also bind to and activate TGR5 (also known as GPBAR1, M-BAR, and BG37), a member of the rhodopsinlike superfamily of transmembrane GPCRs [18, 19] . Expression of TGR5 is detected in multiple tissues, with the highest level of expression detected in the gallbladder, ileum, and colon, and with lower levels of expression in brown adipose tissue, liver, and intestine; TGR5 expression has not been detected in murine or human hepatocytes [19] .
TGR5 is activated by multiple bile acids, with lithocholic acid being the most potent natural agonist (EC 50 of 530 nM) [18] . Bile acid-mediated activation of TGR5 results in internalization of the receptor, activation of extracellularregulated kinase, the mitogen-activated protein-kinase pathway, and ultimately stimulation of cyclic adenosine monophosphate (cAMP) synthesis. This, in turn, results in the activation of protein kinase A, phosphorylation of the cAMP-response element-binding protein, and transactivation of target gene expression [20] . Activation of TGR5 may play a role in energy and glucose homeostasis.
Bile acid sequestrants cause alterations in the bile acid pool, the size of which is tightly regulated in the liver and the intestine by a negative feedback mechanism that prevents cytotoxic accumulation of bile acids [15] . Early studies into the effects of bile acid sequestrants showed that they interrupted the enterohepatic circulation of bile acids and increased fecal excretion of bile acids, resulting in decreased hepatic bile acid levels. As bile acid levels decreased, the FXR-mediated repression of CYP7A1 was reduced, upregulating expression of CYP7A1 and resulting in an increase in bile acid synthesis and reduced hepatic cholesterol levels. Reduced hepatic cholesterol levels promote activation of the sterol regulatory element-binding protein (SREBP)-2, ultimately resulting in increased expression of LDL receptors and increased clearance of LDLC from the blood. In parallel, increased secretion of very low-density lipoprotein (VLDL) particles and a transient rise in triglyceride levels are often observed [2, 21] .
Bile acid sequestrants also increase high-density lipoprotein cholesterol (HDLC) levels. In murine studies, as bile acid levels decrease, the FXR-mediated activation of scavenger receptor BI (SR-BI) expression is also decreased. This receptor is responsible for the hepatic uptake of HDLC. It can be hypothesized that the diminished expression of SR-BI and resultant decrease in uptake of HDLC may contribute to the increase in HDLC levels seen after administration of bile acid sequestrants in humans [15, 22] . In addition, bile acidinduced downregulation of apolipoprotein (apo) A-I expression may be counteracted by bile acid sequestrants [23] , resulting in increased apo A-I plasma levels. These effects may be mediated in part via the bile acid receptors FXR and TGR5, which regulate genes involved in lipid and glucose metabolism.
FXR and Lipid Metabolism
Studies have shown that activation of FXR alters the transcription of several genes involved in triglyceride synthesis and lipid metabolism. Mice deficient in FXR (Fxr -/-) have increased plasma non-HDLC and triglyceride levels, increased synthesis of apo B-containing lipoproteins, mainly VLDL, and increased absorption of intestinal cholesterol. Fxr -/-mice also have increased levels of plasma HDLC coincident with a reduced rate of plasma HDLC ester clearance [22] . Accordingly, mice deficient in the FXR target gene SHP (Shp -/-) have increased levels of the transcription factor SREBP-1c, which controls the expression of genes involved in lipogenesis (Table 1) [24] . In addition, Fxr -/-mice have approximately twofold higher levels of circulating free fatty acids (FFAs), compared with wild-type mice, and accumulate fat in the liver [25] . Elevated levels of FFAs and excessive accumulation of fat in the liver can lead to the development of nonalcoholic fatty liver disease and hepatic steatosis. Interestingly, studies have shown that activation of FGF-19 can increase fatty acid oxidation and inhibit fatty acid synthesis via activation of SHP, inhibition of SREBP-1c, and changes in signal transducer and activator of transcription 3 and peroxisome proliferator-activated receptor (PPAR) coactivator-1β signaling pathways in murine models of diet-induced diabetes and obesity [26, 27] . These studies suggest a potential role for FGF-19-mediated signaling effects in fatty liver disease and in the resolution of some effects associated with the metabolic syndrome. The mechanism(s), if any, that integrates the effects of FGF-19 on obesity and diabetes and the lipid-and glucose-lowering effects of bile acid sequestrants remain to be investigated.
In murine models predisposed to develop hypertriglyceridemia (KK/A y and ob/ob), administration of the primary bile acid cholic acid (CA) or the synthetic FXR agonist (GW4064) resulted in decreased plasma FFAs, decreased triglycerides (VLDL triglycerides), decreased cholesterol (HDLC), and increased LDLC levels [24] . The decreased cholesterol levels observed following FXR activation are due largely to a decrease in circulating HDLC levels. Results from several studies in murine models of hypercholesterolemia (ApoE -/-, ob/ob, and db/db) confirm that FXR activation resulted in a reduction in HDLC plasma levels [24, 28•] .
Administration of bile acids also repressed expression of the transcription factor SREBP-1c and its lipogenic target genes in murine hepatocytes and liver in an SHP-dependent manner (Table 1) [24, 29] . Other mechanisms implicated in FXR-mediated hypotriglyceridemia include FXR-activated expression of PPAR-α and its target gene pyruvate dehydrogenase kinase 4, which promote fatty acid oxidation, increased expression of apo C-II (an activator of lipoprotein lipase activity), and decreased expression of apo C-III and angiopoietin-like protein 3, which are both lipoprotein lipase inhibitors (Table 1) [30] [31] [32] . The relative contribution of triglyceride production versus triglyceride clearance is unknown.
Hypothetical Glucose-lowering Mechanisms

FXR and Hepatic Glucose Metabolism
The liver plays a central role in the control of blood glucose homeostasis by maintaining a balance between glucose production and utilization (Fig. 1) . Evidence for a role of bile acids in glucose metabolism was revealed by studies showing that bile acid composition and pool size are altered in animal and human models of diabetes [33, 34] . A link between FXR and glucose metabolism was provided by the observation that hepatic expression of the gene encoding FXR was decreased following quantitative analysis of hepatic FXR mRNA expression in a rat model of type 1 diabetes. Accordingly, this was accompanied by increased expression of CYP7A1, which likely contributes to the enlarged bile acid pool that is also characteristic of such diabetic animals [35] . As seen in the rat model of type 1 diabetes, hepatic expression of FXR also decreased with age in a rat model of T2DM [35] . Hepatocytes from nondiabetic rats were incubated with [31] TG metabolism Apo C-II Induced Kast et al. [31] TG metabolism Apo C-III Repressed Cariou and Staels [52] TG metabolism VLDLR Induced Claudel et al. [23] HDL metabolism Apo A-1 Repressed Ma et al. [25] Glucose metabolism PEPCK Induced and repressed Ma et al. [25] Glucose metabolism G6Pase Repressed TGR5 Watanabe et al. [44] Energy metabolism Iodothyronine deiodinase type 2 (D2) Induced Apo-apolipoprotein; CYP7A1-cytochrome P450 enzyme cholesterol 7 α-hydroxylase; FXR-farnesoid X receptor; G6Pase-glucose-6 phosphatase; HDL-high-density lipoprotein; PEPCK-phosphoenolpyruvate carboxykinase; SHP-small heterodimer partner; SREBP-1c-sterol regulatory element-binding protein-1c; TG-triglyceride; VLDLR-very low-density lipoprotein receptor. (Adapted from Cariou and Staels [52] .)
glucose and insulin to assess the effects of glucose and insulin on hepatic FXR expression. Incubation of rat hepatocytes with insulin repressed expression of FXR, an effect that is reduced by glucose. These results suggested that diabetes impairs the normal regulation of FXR expression [35] . A potential role for FXR in the regulation of glucose metabolism was provided by the observation that pharmacologic treatment with CA for 5 days resulted in decreased expression of phosphoenolpyruvate carboxykinase (PEPCK), glucose-6-phosphatase (G6Pase), and fructose 1,6-bisphosphatase, enzymes critically involved in the regulation of hepatic gluconeogenesis (Table 1) , in nondiabetic wild-type but not Fxr -/-mice [25] . In contrast to the results obtained with CA, in vivo treatment of nondiabetic wild-type mice with the synthetic FXR agonist GW4064 induced expression of PEPCK, whereas activation of FXR with GW4064 in the diabetic db/db mouse model reduced expression of PEPCK and G6Pase. Together, these results suggest that bile acids may regulate hepatic glucose utilization and production [15, 36] .
Fxr -/-mice also have decreased levels of glycogen in the liver and develop transient hypoglycemia upon fasting [37] . In keeping with a potential role for FXR in regulation of the kinetics of glucose metabolism, analysis of Fxr -/-mice subject to an overnight fast followed by re-feeding with a high-carbohydrate diet resulted in increased L-pyruvate kinase and lipogenic gene expression, potentially revealing an additional role for FXR in regulating hepatic carbohydrate metabolism [38] . Together, these data provide evidence of a critical role for bile acids and FXR in the dynamic regulation of glucose metabolism [15] . However, given the contradictory evidence (different animal models and tested ligands), a precise mechanism of FXR regulation of glucose metabolism remains unclear.
FXR and Insulin Sensitivity
Hyperinsulinemic-euglycemic clamp studies in Fxr -/-mice have led to the observation that FXR may also play a partial role in regulating insulin sensitivity [25, 39] . Fxr -/-mice exhibit peripheral insulin resistance and impaired insulin signaling in insulin-sensitive tissues such as skeletal muscle and white adipose tissue. Moreover, activation of FXR in db/db mice and treatment of db/db and ob/ob mice with GW4064 resulted in significant improvement in insulin sensitivity [36, 39] . However, thus far, no studies have been performed in genetically predisposed or diet-induced models of diabetes.
TGR5 and Glucose Metabolism
Mice deficient in TGR5 (Tgr5 -/-) have normal glucose levels and do not develop overt diabetes [40] . However, the observation that murine intestinal cells secrete the gutderived incretin hormone glucagon-like peptide-1 (GLP-1) in a Tgr5-dependent manner following in vitro stimulation with the bile acids lithocholic acid and deoxycholic acid revealed a role for TGR5 in glucose homeostasis [41, 42•] .
Additional evidence implicating TGR5 in glucose homeostasis was provided by the observation that treatment of mice fed a high-fat diet with oleanolic acid (an extract of Olea Europaea [olive leaves] and a TGR5 agonist) protected against weight gain and resulted in reduced plasma glucose and insulin levels compared with controls [43] .
Moreover, in vivo overexpression of TGR5 in a transgenic (TGR5-Tg) mouse model markedly improved glucose tolerance in mice fed a high-fat diet compared with controls. This improved glucose tolerance in TGR5-Tg mice was associated with robust secretion of GLP-1 and increased insulin release in response to an oral glucose load. Interestingly, there was an even greater postprandial effect on GLP-1 release and insulin secretion after a test meal than in response to the glucose challenge. The researchers hypothesized that this was because of an increased bile acid flux triggered by the test meal compared with the glucose challenge [42•] . These findings establish a role for TGR5 in bile acidmediated regulation of glucose homeostasis.
TGR5 and Energy Homeostasis
Supplementation of high-fat-fed mice with CA decreased obesity and insulin resistance (through an increase in energy expenditure in brown adipose tissue) and increased the bile acid pool size [44] . These observations implicate bile acids in the regulation of the metabolic process through increases in energy expenditure via modulation of thermogenesis.
Evidence of a role for TGR5 in the regulation of energy expenditure was provided by observations that TGR5 is expressed in brown adipose tissue and that the bile acidmediated increase in expression of the D2 gene that controls energy expenditure in brown adipose tissue is regulated primarily through the cAMP-protein kinase A signaling pathway [44] . TGR5 and D2 are also expressed in human skeletal muscle. Expression of D2 in skeletal muscle increased in a dose-dependent manner in response to incubation of skeletal muscle tissue with a TGR5 agonist but not with the FXR agonist GW4064, providing further confirmation for the TGR5-dependent regulation of energy expenditure [44] . However, despite the data supporting a role for a TGR5-cAMP-dependent pathway in regulation of energy homeostasis, the observation that Tgr5 -/-mice have normal triglyceride levels and do not gain weight when fed a regular diet suggests that more analyses are necessary to fully uncover the role of bile acids in the regulation of energy homeostasis [40] .
Bile Acid Sequestrants in Lipid and Glycemic Control
Bile acid sequestrants are well known for their effects on lipid levels, particularly for reducing LDLC. Results from studies examining the effects of FXR on bile acid synthesis and lipid metabolism implicate FXR-dependent signaling pathways in the control of lipid metabolism by bile acid sequestrants [22, 24, 26, 27] .
Less is known about the mechanisms involved in the glucose-lowering effects of bile acid sequestrants [10-13, 45•] . It can be hypothesized, given the results of studies examining the mechanisms of action involved in bile acidmediated regulation of hepatic gluconeogenesis, that bile acid sequestrants may modulate FXR-dependent signaling pathways that regulate expression of PEPCK and other enzymes involved in hepatic gluconeogenesis [25, [33] [34] [35] 37] .
Preliminary studies suggested that administration of the bile acid sequestrant colesevelam may act on glucose homeostasis by reducing insulin resistance and/or improving clearance of plasma glucose [46, 47] . In a rat model that develops insulin resistance and diet-induced obesity (DIO) when fed a high-energy diet, treatment with 2% colesevelam lowered plasma glucose levels following a 2-hour oral glucose tolerance test, whereas the insulin response was normalized (insulin peak in 15-30 min with return to baseline in 30-60 min) compared with DIO rats or DIO rats treated with the apical sodium codependent bile acid transport inhibitor SC-435 [47] . These results suggest that in this rat model of insulin resistance, colesevelam may reduce glucose levels by reducing insulin resistance and normalizing the first-phase insulin release [47] .
In clinical studies, improved glycemic control in patients treated with colesevelam (3.75 g/d) compared with placebo was directly correlated with an increase in whole-body insulin sensitivity as measured by the Matsuda index, and not with an increase in peripheral insulin sensitivity as measured by the hyperinsulinemiceuglycemic clamp method [48] . In a separate study, stable isotope infusion analyses showed that significant reductions in fasting plasma glucose and HbA 1c levels in patients receiving colesevelam compared with placebo were accompanied by an increase in plasma glucose clearance without the increase in endogenous glucose production seen in patients receiving placebo [46] .
In addition, bile acid sequestrants may decrease glucose levels by effecting regulation of the TGR5-dependent secretion of the gut-derived incretin hormone GLP-1 [45•] . A study by Suzuki et al. [45•] showed that administration of colestimide (1500 mg, twice daily) resulted in decreased postprandial plasma glucose levels and increased secretion of GLP-1 in patients with T2DM and dyslipidemia. Although no comparisons were made with patients not receiving colestimide and the time to measurement of GLP-1 may have been too long to accurately reflect changes in GLP-1 levels, this study does provide some evidence to suggest that bile acid sequestrants may act in a TGR5-dependent manner to increase secretion of GLP-1 in patients with T2DM. Further studies are necessary to determine whether bile acid sequestrants act in an FXR-and/or TGR5-dependent manner to improve insulin sensitivity and insulin secretion in patients with T2DM.
Unlike cholestyramine and colestipol, colesevelam has a high affinity for trihydroxy and dihydroxy bile acids in the intestine, leading to increased fecal excretion with colesevelam [49] . This differential bile acid-binding ability may allow colesevelam to have an alternative effect on the bile acid pool and on bile acid-mediated regulation of glucose metabolism. The metabolism of bile acids by the intestinal flora is altered in T2DM, and modification of the bile acid pool seen by bacteria by bile acids may influence secretion of GLP-1 by L cells. As such, differential bile acidbinding properties of distinct bile acid sequestrants may exist and may result in pathophysiologically relevant pharmacologic differences in action. However, definitive studies are necessary to examine the effect of alteration of the bile acid pool induced by bile acid sequestrants on activation of the bile acid receptors FXR and TGR5 and the potential effects on glycemic control in patients with T2DM.
Conclusions
Bile acid sequestrants cause alterations in the bile acid pool with resultant effects on lipid and glucose metabolism. Studies suggest that alterations of the enterohepatic circulation may regulate glucose homeostasis by modulating FXR-and TGR5-mediated pathways. Further studies examining the role of FXR-and TGR5-mediated signaling pathways on lipid and glucose metabolism in animal and human models of T2DM and obesity are needed to elucidate how these signals are integrated to mediate the lipid-and glucose-lowering effects of bile acid sequestrants.
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